We carried out observations in the 42−46 and 82−103 GHz bands with the Nobeyama 45-m radio telescope, and in the 338.2−339.2 and 348.45−349.45 GHz bands with the ASTE 10-m telescope toward three high-mass star-forming regions containing hot cores, G12.89+0.49, G16.86−2.16, and G28.28−0.36. Combining our previous results of HC 5 N in these sources, we compare the N (HC 5 N)/N (CH 3 OH) ratios in the three observed sources. The ratio in G28.28−0.36 is derived to be 0.082, which is higher than that in G12.89+0.49 by one order of magnitude, and that in G16.86−2.16 by a factor of ∼ 5. The relationships between the N (HC 5 N)/N (CH 3 OH) ratio and the N (CH 3 CCH)/N (CH 3 OH) ratio in G28.28−0.36 and G16.86−2.16 are similar to each other, while HC 5 N is less abundant against CH 3 CCH in G12.89+0.49. These results imply the chemical diversity in the lukewarm (T ∼ 20 − 30 K) envelope around massive young stellar objects (MYSOs). Several lines from complex organic molecules, including very-high-excitation energy lines, have been detected toward G12.89+0.49, while the line density is significantly low in G28.28−0.36. These results suggest that the organic-poor MYSOs are surrounded by the carbon-chain-rich lukewarm envelope (G28.28−0.36), while the organic-rich MYSOs, namely hot cores, are surrounded by the CH 3 OH-rich lukewarm envelope.
INTRODUCTION
Molecules are a unique and powerful tool in astronomy. They provide an excellent diagnosis of the physical conditions and processes in the regions where they reside. Progress in this field called astrochemistry is mainly driven by observations from various single-dish and interferometers at millimeter/sub-millimeter wavelengths along with space telescopes at mid-and far-infrared wavelengths (e.g., van Dishoeck 2017).
Unsaturated carbon-chain molecules tend to be abundant in young low-mass starless cores and deficient in low-mass star-forming cores (Suzuki et al. 1992; Hirota et al. 2009 ), because they are mainly formed from C + and C via the ion-molecule reactions in the early stage of molecular clouds and destroyed mainly by reaction with oxygen atoms and depleted onto dust grains in the late stage. In contrast to the general carbon-chain chemistry, carbon-chain molecules are abundant around two low-mass protostars; IRAS 04368+2557 in L1527 (Sakai et al. 2008) and IRAS 15398−3359 in Lupus (Sakai et al. 2009a) . In these protostars, carbon-chain molecules are newly formed from CH 4 evaporated from dust grains in the lukewarm (T ∼ 20 − 30 K) gas (Sakai et al. 2008) . Such a carbon-chain chemistry around the low-mass protostars was named warm carbon chain chemistry (WCCC, Sakai et al. 2008) . The difference between hot corino chemistry and WCCC is considered to be brought by the different timescale of the starless core phase; the long and short starless core phases lead to hot corino and WCCC sources, respectively (Sakai et al. 2008) .
Saturated complex organic molecules (COMs), organic species consisting of more than six atoms and being rich in hydrogen (Herbst & van Dishoeck 2009) , are classically known to be abundant in the dense and hot (n > 10 6 cm −3 , T ≥ 100 K) gas around young stellar objects (YSOs). COMs can be formed even in the gas phase before ice evaporates. Recent observations show the presence of some COMs, methoxy (CH 3 O), methylformate (HCOOCH 3 ), and dimethyl ether (CH 3 OCH 3 ), in regions where the dust temperature is less than 30 K; pre-stellar cores (Bacmann et al. 2012; Vastel et al. 2014 ) and cold envelopes of low-mass protostars (Öberg et al. 2010; Cernicharo et al. 2012; Jaber et al. 2014) . Grain-surface chemistry certainly plays a role, for example in forming hydrogenated species during the prestellar phase (Tielens & Hagen 1982; Caselli & Ceccarelli 2012) , but not necessarily in the formation of all COMs. Gas-phase and grain-surface chemistry will have to share the regions of the formation of COMs (Balucani et al. 2015) .
Not only in the low-mass star-forming regions, new questions arise in the chemistry around massive young stellar objects (MYSOs). Fayolle et al. (2015) compared the chemistry between organic-poor MYSOs and hot cores. They suggested that hot cores are not required to form COMs and temperature and initial ice composition possibly affect complex organic distributions around MYSOs. Green et al. (2014) detected HC 5 N, the second shortest cyanopolyynes (HC 2n+1 N, n = 1, 2, 3, ...), from 35 hot cores associated with the 6.7 GHz methanol masers, which gives us the exact positions of MYSOs (Urquhart et al. 2013) . However, there remained the possibility that the emissions of HC 5 N came from the outer cold molecular clouds or other molecular clouds in the large single-dish beam (∼ 0.95 ′ ). Taniguchi et al. (2017b) carried out observations toward four MYSOs where Green et al. (2014) detected HC 5 N, using the Green Bank 100-m telescope (GBT) and the Nobeyama 45-m radio telescope. They detected the high-excitationenergy (E u /k ∼ 100 K) lines of HC 5 N, which cannot be detected if HC 5 N exists in the cold dark clouds, from the three sources (G12.89+0.49, G16.86−2.16, and G28.28−0.36) and confirmed that HC 5 N exists in the warm gas around MYSOs. Therefore, carbon-chain molecules seem to be formed in the lukewarm gas around MYSOs, as well as WCCC sources in the low-mass star-forming regions. At the present stage, we do not know the relationships between carbon-chain molecules and COMs around MYSOs.
In this paper, we report the observational results in the 42−46, 82−103, 338.2−339.2 and 348.45−349.45 GHz bands obtained with the Nobeyama 45-m radio telescope and the Atacama Submillimeter Telescope Experiment (ASTE) 10-m telescope toward three MYSOs, G12.89+0.49, G16.86−2.16, and G28.28−0.36. We derive the rotational temperatures and column densities of HC 3 N, CH 3 OH, and CH 3 CCH (Section 4). We compare the spectra and the chemical composition among the three sources, combining with the previous data of HC 5 N (Taniguchi et al. 2017b) , in order to investigate the relationship between carbon-chain species and COMs in the high-mass star-forming regions (Section 5).
OBSERVATIONS
The observations mentioned in this paper were conducted as the Nobeyama 45-m radio telescope and the ASTE joint observation program (2016-2017 season) 1 . The observing parameters of each frequency band are summarized in Table 1 . The Nobeyama 45-m telescope data have been partly published in Taniguchi et al. (2017b) .
The source selection criteria were described in Taniguchi et al. (2017b) as follows:
1. the source declination is above −21 • , 2. the distance (D) is within 3 kpc, and 3. CH 3 CN was detected (Purcell et al. 2006) . Table 2 summarizes the properties of our three target sources. The observed positions correspond to the 6.7 GHz methanol maser positions, which show exact positions of the massive young stellar objects (Urquhart et al. 2013 ). The 6.7 GHz methanol masers emerge at the hot core stage (Bonfand et al. 2017) . Hence, our target sources are considered to be at the hot core stage. b The symbols of "Y" and "N" represent detection and non-detection, respectively.
"UCHII" indicates an ultracompact H II region lying within the Mopra beam (∼ 38 ′′ ). The 6.7 GHz methanol masers are associated with all of the four sources. 
Observations with the Nobeyama 45-m Radio Telescope
We carried out observations with the Nobeyama 45-m radio telescope from 2017 January to March. We employed the position-switching mode. The integration time was 20 seconds per on-source and off-source positions. The on-source positions are summarized in Table 2 and the off-source positions were set to be +15 ′ away in the declination. The Z45 receiver (Nakamura et al. 2015) and the TZ receiver (Nakajima et al. 2013) were used in observations at the 42−46 GHz and 82−103 GHz, respectively. The main beam efficiency (η mb ) and the beam size (HPBW) at 43GHz were 71% and 37 ′′ , respectively. The main beam efficiency and the beam size at 86 GHz were 54% and 18 ′′ , respectively. The system temperatures were 120−150 K and 120−200 K during the observations at the 42−46 GHz and 82−103 GHz, respectively. We used the SAM45 FX-type digital correlator (Kamazaki et al. 2012) in frequency settings whose bandwidths and resolutions are 500 MHz and 122.07 kHz for the Z45 observations and 1000 MHz and 244.14 kHz for the TZ obserations, respectively. The frequency resolutions correspond to the velocity resolution of ∼ 0.85 km s −1 . The telescope pointing was checked every 1.5 hr by observing SiO maser line (J = 1 − 0) from OH39.7+1.5 at (α 2000 , δ 2000 ) = (18 h 56 m 03. s 88, +06
• 38 ′ 49. ′′ 8). We used the Z45 receiver for the 42−46 GHz band observations, and the H40 receiver for the 82−103 GHz band observations. The pointing error was less than 3 ′′ .
Observations with the ASTE 10-m Telescope
The observations with the ASTE 10-m telescope were conducted in 2016 September and October. The DASH345 receiver and the WHSF FX-type digital spectrometer 
RESULTS
We conducted data reduction using the Java Newstar 2 , an astronomical data analyzing system of the Nobeyama 45-m telescope and the ASTE 10-m telescope.
3.1. Observational Results with the Nobeyama 45-m Radio Telescope Figure 1 shows the spectra of the normal species of HC 3 N and its 13 C and D isotopologues in the three sources obtained with the Nobeyama 45-m radio telescope. The rms noises are 6−14 and 3−6 mK in T * A scale in the 42−46 GHz and 82−103 GHz, respectively. We fitted the spectra with the Gaussian profile and obtained the spectral line parameters as summarized in Table 3 . Two rotational transitions, J = 5 − 4 and 10 − 9, of the normal species are in the observed frequency bands, and they were detected from all of the three sources. Its three 13 C isotopologues have been detected from G28.28−0.36 with the signal-to-noise (S/N) ratio above 4. HC 13 CCN was not detected in G12.89+0.49, whereas H 13 CCCN was not detected in G16.86−2.16. DC 3 N was detected in G28.28−0.36 with the S/N ratio of 3 and in G16.86−2.16 with the S/N ratio above 4. The V LSR values agree with the systemic velocities of each source ( Table 2) .
The line profiles of the normal species show wing emission, suggesting that HC 3 N also exists in the molecular outflow (e.g., Shimajiri et al. 2015; Taniguchi et al. 2018) . Such wing emission is the most prominent in G16.86−2.16, and the blue and red components are clearly detected. The red component is detected in G12.89+0.49, while the blue component is seen in G28.28−0.36. These features of wing emission of HC 3 N are similar to those of CH 3 OH ( Figure  3) , as mentioned later. Hence, the origin of molecular outflows is plausible. Figure 2 shows the spectra of CH 3 CCH obtained with the Nobeyama 45-m radio telescope. Its J = 5 − 4 and 6 − 5 K−ladder lines (K = 0 − 0, 1 − 1, 2 − 2, and 3 − 3) were detected from the three sources with the S/N ratio above 4. We fitted the spectra with the four-component Gaussian profiles. The spectral line parameters are summarized in Table 4 . In the spectra of CH 3 CCH, wing emission are not seen and well fitted by the Gaussian profile.
Nine thermal CH 3 OH lines were detected from G12.89+0.49, and eight lines, except for 6 −2 − 7 −1 E transition, were detected from the other two sources with the S/N ratio above 4 as shown in Figure 3 . We fitted the spectra with the Gaussian profile and the spectral line parameters are summarized in Table 5 . For the four lines shown in the top panels of Figure 3 , we applied the four-component Gaussian fitting. The wing emission for red and blue velocity components are seen in G16.86−2.16, while only the red component is in G12.89+0.49. In G28.28−0.36, no wing emission is seen, which may be caused by their lower line intensities.
Figures 4 and 5 show the spectra in the frequency bands covered with the TZ receiver. Several lines from COMs have been detected with the S/N ratio above 4. Since these COM's lines are contaminated by some transition lines, we cannot derive the spectral line parameters. In addition, since the detected lines have the similar excitation energies, we cannot derive their column densities accurately. We then summarize the detection and non-detection of COMs in each source in Table 6 . G12.89+0.49 is the most line-rich source with strong peak intensities, and both nitrogen-bearing COMs and oxygen-bearing COMs have been detected. On the other hand, only CH 3 OH and CH 3 CHO were detected with weak peak intensities in G28.28−0.36. (CH 3 ) 2 CO was not detected in any of the three sources. Note-Numbers in the parentheses are the standard deviation of the Gaussian fit, expressed in units of the last significant digits. For example, 1.64 (4) means 1.64 ± 0.04. The upper limits correspond to the 3σ limits.
a Taken from the Cologne Database for Molecular Spectroscopy (CDMS; Müller et al. 2005) .
b The errors are 0.85 km s −1 , which corresponds to the velocity resolution (Section 2.1). 
Note-'Y' and 'N' represent detection or non-detection with the S/N ratio above 4, respectively. Table 7 summarizes the spectral line parameters obtained from the Gaussian fitting. The detection limit was set at the S/N ratio above 4. The V LSR values are consistent with the systemic velocities of each source (Table 2) . Several high-excitation energy (E u /k > 200 K) lines from CH 3 OH and CH 3 CN were detected from G12.89+0.49. On the other hand, only two lower-excitation energy (E u /k < 75 K) lines of CH 3 OH and CCH were detected from G28.28−0.36. The line density in G16.86−2.16 is between that in G12.89+0.49 and G28.28−0.36. The relatively high-excitation energy line of CH 3 OH (7 4,3 − 6 4,2 A + transition; E u /k = 145.3 K) was detected from G16.86−2.16. The results suggest that the hot gas is contained in G12.89+0.49 and G16.86−2.16, which is supported by the detection of the metastable inversion transition NH 3 lines with the very-high-excitation energies, (J, K) = (8, 8) at 26.51898 GHz (E u /k = 686 K) and (J, K) = (9, 9) at 27.47794 GHz (E u /k = 852 K), with the GBT (Taniguchi et al. 2017b ).
Observational Results with the ASTE 10-m Telescope
In G12.89+0.49 and G16.86−2.16, the line profiles of CH 3 OH show wing emission suggestive of molecular outflow origins. In addition, the line widths (FWHM) of CH 3 OH in these two sources (∼ 5 − 6 km s −1 ) are larger than those in G28.28−0.36 (∼ 2 − 3 km s −1 ). This may suggest that CH 3 OH in G28.28−0.36 exists in less turbulent regions (will be discussed in Section 5.6 in detail).
4. ANALYSES
Rotational Diagram Analysis
We derived the rotational temperatures and column densities of HC 3 N, CH 3 CCH, and CH 3 OH in the three sources from the rotational diagram analysis, using the following formula (Goldsmith & Langer 1999) ;
where k is the Boltzmann constant, S is the line strength, µ is the permanent electric dipole moment, N is the column density, and Q(T rot ) is the partition function. The permanent electric dipole moments are 3.7312, 0.784, and 0.899 D for HC 3 N, CH 3 CCH, and CH 3 OH, respectively. We used T mb dv values summarized in Tables 3, 4 , and 5. Figure 7 shows the fitting results of HC 3 N, CH 3 CCH, and CH 3 OH in the three sources. The errors include the Gaussian fitting errors, the uncertainties from the main beam efficiency of 10%, the chopper-wheel method of 10%, and from the other factors such as calibration and filling factor of 30%. The derived rotational temperatures and column densities are summarized in Figure 5 . Spectra of the complex organic molecules in the 90.0−90.2, 94.9−95.1, and 95.9−96.1 GHz bands in the three sources with the Nobeyama 45-m telescope. b The errors were derived using the following formula; ∆T mb × √ n × ∆v, where ∆T mb , n, ∆v are the rms noise in the emission-free regions, the number of channels, and velocity resolution per channel, respectively.
c The errors are 0.86 km s −1 , which corresponds to the velocity resolution (Section 2.2).
d Tentative detection with the signal-to-noise ratio above 3.
e These lines are contaminated and fitting results are tentative. In the case of HC 3 N, we added data of the J = 3 − 2 transition obtained with the GBT (Table 3 in Taniguchi et al. 2017b ). The beam sizes are different among the three transitions, 27 ′′ , 37 ′′ , and 18 ′′ for the J = 3 − 2, 5 − 4, and 10 − 9, respectively. Assuming a small beam filling factor, we multiplied the integrated intensities of the GBT data by ( 10 − 9 transitions, the 1σ fluctuation in the integrated intensity causes unlikely large errors in the derived rotational temperature and column density (e.g., T rot ∼ 600 K), and we only show the best fitting values in Table 8 . All of the three transitions are better fitted with beam size correction, which implies that the spatial distributions of HC 3 N is smaller than 18 ′′ , corresponding to ∼ 0.07 − 0.1 pc radii at the source distances ( Table 2) . The results are the same for HC 5 N (Taniguchi et al. 2017b ). Taniguchi et al. (2017b) derived the rotational temperatures of HC 5 N with beam size correction to be ∼ 13 − 20 K in the three sources. Since we observed only low excitation-energy lines (E u /k < 24.0 K), the rotational temperatures of HC 3 N with beam size correction are lower than those of HC 5 N (Taniguchi et al. 2017b ). If we observe higher excitation-energy lines, the rotational temperature will be higher than those derived here (e.g., Sakai et al. 2009b) , and close to those of HC 5 N (Taniguchi et al. 2017b ).
For CH 3 CCH, the red and blue lines are the best fitting results for the K−ladder lines of J = 6−5 and 5−4 transitions, respectively. The green lines indicate the fitting results for all of the lines. The rotational temperatures are 33, 30, 23 K in G12.89+0.49, G16.86−2.16, and G28.28−0.36, respectively (Table 8 ). In G12.89+0.49 and G16.86−2.16, the derived column densities are different between J = 6 − 5 and 5 − 4 transitions, while the rotational temperatures are well consistent. One possible explanation for this is the different beam sizes at 85 GHz and 102 GHz bands. If the emission region size is smaller than the beam size, the beam-averaged column density at 102 GHz will be higher than that at 82 GHz due to the beam dilution effect. Another possibility is that strong wind conditions might cause deformation of the beam of the telescope, even though we excluded bad data as much as we can. In G28.28−0.36, on the other hand, all of the lines are well fitted and there is no difference between the two transitions.
In the case of CH 3 OH, we fitted using all of the lines summarized in Table 5 , and the fitting results are shown as the black lines. The rotational temperatures are 40 +13 −7 , 35 +14 −8 , and 18 ± 3 K in G12.89+0.49, G16.86−2.16, and G28.28−0.36, respectively (Table 8) . Purcell et al. (2009) derived the rotational temperatures of CH 3 OH to be 5 ± 0.8, 6 ± 0.1, and 5 ± 0.5 K in G12.89+0.49, G16.86−2.16, and G28.28−0.36, respectively, from fitting of only three or four line data. CH 3 OH is considered to be sub-thermal excitation, as frequently observed (e.g., Purcell et al. 2009; Watanabe et al. 2015) .
Column Densities of the D and
13 C Isotopologues of HC 3 N We derived the column densities of the D and 13 C isotopologues of HC 3 N in the three sources assuming the LTE condition (Goldsmith & Langer 1999) . We used the following formulae;
where and
In Equation (2), τ denotes the optical depth, and T mb the peak intensities summarized in Table 3 . T ex and T bg are the excitation temperature and the cosmic microwave background temperature (≃ 2.73 K). We used the rotational temperatures of HC 3 N summarized in Table 8 as the excitation temperatures. We calculated two cases of excitation temperatures (Table 8) for each source. J(T ) in Equation (3) is the effective temperature equivalent to that in the Rayleigh-Jeans law. In Equation (4), N is the column density, ∆v is the line width (FWHM , Table 3 ), Q is the partition function, µ is the permanent electric dipole moment, and E lower is the energy of the lower rotational energy level. The electric dipole moments are 3.7408 D and 3.73172 D for DC 3 N and the three 13 C isotopologues, respectively. The derived column densities and the D/H and 12 C/ 13 C ratios are summarized in Table 9 .
5. DISCUSSION
Comparisons of Fractional Abundances in the High-Mass Star-Forming Regions
We derived the fractional abundances of CH 3 OH and CH 3 CCH, X(CH 3 OH) = N (CH 3 OH)/N (H 2 ) and X(CH 3 CCH) = N (CH 3 CCH)/N (H 2 ), in the three sources. The H 2 column densities, N (H 2 ), in the three sources were derived by Taniguchi et al. (2017b) . The N (H 2 ), X(CH 3 OH), and X(CH 3 CCH) are summarized in Table 10 Note-The errors represent one standard deviation. The upper limits were derived using the 1σ noise level. Table 10 . The N (H2), X(CH3OH), and X(CH3CCH) in the three sources in G12.89+0.49, G16.86−2.16, and G28.28−0.36, respectively. Figure 8 shows the comparisons of the fractional abundances of CH 3 OH, HC 5 N (Taniguchi et al. 2017b) , and CH 3 CCH in the three sources. Taking their rotational temperatures into consideration, the results are the chemical composition in the lukewarm envelopes (T ∼ 20 − 30 K). Although our sample is small, there seems to be an anti-correlation between X(CH 3 OH) and X(HC 5 N). G12.89+0.49 shows the highest X(CH 3 OH) value and the lowest X(HC 5 N) value among the three sources, while G28.28−0.36 shows the lowest X(CH 3 OH) value and the highest X(HC 5 N) value. We further discuss the relationship between HC 5 N and CH 3 OH in Section 5.2.
The X(CH 3 CCH) values in the three sources are consistent within their 1σ errors, and we cannot find any clear correlations between HC 5 N and CH 3 CCH. According to the gas-grain-bulk three-phase chemical network simulation (Majumdar et al. 2016 (Majumdar et al. , 2017a , assuming that the temperatures are 20 and 30 K and the density is 10 5 cm −3 , CH 3 CCH is formed on the grains and desorbed non-thermally. HC 5 N is formed in the gas phase mainly by the neutral-neutral reaction of CN + C 4 H 2 and the electron recombination reaction of H 2 C 5 N + . The neutral-neutral reaction is a main formation pathway to HC 5 N in the model by Chapman et al. (2009 ). Chapman et al. (2009 suggested that C 4 H 2 is formed by the reaction of C 2 H 2 + CCH. C 2 H 2 can be formed in the gas phase from CH 4 (Hassel et al. 2008 ) and can be directly evaporated from grain mantles (Lahuis & van Dishoeck 2000) . Hence, the productions of CH 3 CCH and HC 5 N seem to be related to the grain-surface reactions even in the lukewarm envelopes (T ∼ 20 − 30 K). No correlation between CH 3 CCH and HC 5 N may imply that there is no direct relationship between them, which is also indicated in the chemical network simulation. et al. (2017b) found that the N (HC 5 N)/W (CH 3 OH) ratio, where W represents the integrated intensity, varies by more than one order of magnitude among the three sources, and suggested the possibility of the chemical differentiation. At this time, we derived the CH 3 OH column densities in the three sources, and then we calculated the N (HC 5 N)/N (CH 3 OH) ratios in the observed three sources, as shown in Figure 9 . We added the data toward the high-mass protostellar object NGC2264 CMM3 (Watanabe et al. 2015) . Watanabe et al. (2015) derived N (HC 5 N) and N (CH 3 OH) to be (2.5 ± 0.9)×10 13 cm −2 and (1.8 ± 0.2)×10 15 cm −2 , respectively. We took the cold component value for CH 3 OH, because its rotational temperature (24.3 ± 2.6 K) is comparable with that of HC 5 N (25.8 ± 4.6 K) in NGC2264 CMM3 (Watanabe et al. 2015) .
A Variety of the N (HC
As we mentioned in Section 5.1, Figure 9 shows the chemical diversity in the lukewarm envelope around the massive young stellar objects ( −0.006 ) by a factor of ∼ 5. In fact, G28.28-0.36 has higher HC 5 N fractional abundance and lower CH 3 OH fractional abundance as shown in Figure 8 .
As Taniguchi et al. (2017b) discussed, the HC 5 N molecules can be formed from CH 4 (WCCC, Aikawa et al. 2008; Hassel et al. 2008 ) and/or C 2 H 2 (Chapman et al. 2009 ), which could be evaporated from grain mantles. CH 3 OH is mainly formed by the successive hydrogenation reaction of CO molecules on dust grains, while CH 4 , and may be C 2 H 2 (Lahuis & van Dishoeck 2000) , are formed by the hydrogenation reaction of C atoms on dust grains. Therefore, the chemical differentiation in the lukewarm envelope may reflect the different ice chemical composition among the MYSOs.
Relationship between N (HC
In this subsection, we follow the analysis by Fayolle et al. (2015) who compared the chemical composition normalized by CH 3 OH among MYSOs. We compare the chemical composition in the lukewarm envelope using the N (HC 5 N)/N (CH 3 OH) and N (CH 3 CCH)/N (CH 3 OH) ratios. Figure 10 shows the relationship between the N (HC 5 N)/N (CH 3 OH) ratio and N (CH 3 CCH)/N (CH 3 OH) ratio in the four MYSOs, the observed three sources and NCG2264 CMM3 (Watanabe et al. 2015) . The N (HC 5 N)/N (CH 3 OH) ratio correlates with the N (CH 3 CCH)/N (CH 3 OH) ratio. This seems to be caused by the fraction of the lukewarm envelope in the single-dish beams, rather than the chemical differentiation. The data in NGC2264 CMM3 were taken from Watanabe et al. (2015) .
than those in the other three sources. These results suggest that the chemical composition of the lukewarm envelope may have the diversity.
Relationship of the chemical composition between central core and envelope?
He et al. (2012) carried out the 1-mm spectral line survey observations toward 89 GLIMPSE Extended Green Objects (EGOs; Cyganowski et al. 2008) . From their survey observations, there are largely two types of EGO clouds; line-rich and line-poor sources. It is unclear why some sources show line-poor spectra, and others show many lines of COMs. Ge et al. (2014) suggested that the EGO cloud cores are possibly in the short onset phase of the hot core stage, when CH 3 OH ice is quickly evaporating from grain surfaces at a gas temperature of ∼ 100 K. Hence, the difference between the line-poor and line-rich EGO cloud cores seems to originate from the chemical differentiation rather than the chemical evolution. Besides, Fayolle et al. (2015) compared the chemistry between organic-poor MYSOs and hot cores, but the relationship between the central core and the envelope was not clear. In this subsection, we discuss a possibility of the relationship of the chemical composition between the core and the envelope.
There are clear differences in the spectra among the three sources (Figures 4 − 6) . As summarized in Table 6 , the detected COMs are different among the three observed sources. CH 3 CHO was detected toward all of the three sources, and it is considered to exist in the envelope (Fayolle et al. 2015) . In G12.89+0.49, the largest number of COMs have been detected, while G28.28−0.36 is a line-poor source. The results in G28.28−0.36, a line-poor source, are consistent with those of He et al. (2012) , showing that only H 13 CO + was detected in G28.28−0.36. As discussed in Section 5.2, the N (HC 5 N)/N (CH 3 OH) ratio in G28.28−0.36 is higher than that in G12.89+0.49 by an order of magnitude. In the case of G16.86−2.16, the N (HC 5 N)/N (CH 3 OH) ratio shows a value between G12.89+0.49 and G28.28−0.36, and the line density and the COM's line intensities are also between the others. From these results, the line-poor MYSOs are likely to be surrounded by the carbon-chain-rich envelope, while the line-rich MYSOs, namely hot cores, appear to be surrounded by the CH 3 OH-rich envelope.
Isotopic Fractionation of HC 3 N
The 12 C/ 13 C ratio shows a gradient against to the Galactic distance (D GC ; e.g., Savage et al. 2002; Milam et al. 2005) . Recent observations derived the following relationship (Halfen et al. 2017 ); 12 C/ 13 C = 5.21(±0.52)D GC + 22.6(±3.3).
We estimated the D GC values of each source using trigonometry. The D GC values are estimated at 5.8 and 8.9 kpc for G12.89+0.49 and G16.86−2.16, respectively. The D GC value of G28.28−0.36 was derived to be 5.4 kpc by Taniguchi et al. (2016b) . From Equation (5), the 12 C/ 13 C ratios are calculated at 53 ± 6, 69 ± 8, and 51 ± 6 in G12.89+0.49, G16.86−2.16, and G28.28−0.36, respectively.
The 12 C/ 13 C ratios derived from observations (Table 9 ) are generally lower than or consistent with the values calculated from Equation (5) within their errors, except for non-detection species. These results mean that the 13 C species of HC 3 N are not heavily diluted. In general, carbon-chain molecules in cold dark clouds are diluted, while cyanopolyynes are not heavily diluted in the cold dark clouds (e.g., TMC-1, L1521B, and L134N; Taniguchi et al. 2016a Taniguchi et al. , 2017a and in the warm gas around the protostar (e.g., L1527; Taniguchi et al. 2016b ). Our results show the similar tendency to the local low-mass star-forming regions. Belloche et al. (2016) reported a tentative detection of DC 3 N toward the Sgr B2 (N2) hot core and derived the D/H ratio to be 0.09%. A tentative detection of DC 3 N was also achieved toward the Compact Ridge and the hot core of Orion KL (Esplugues et al. 2013) , and the deuterium fractionation was estimated at 1.5 ± 0.9%. The deuterium fractionation in the high-mass protostellar object NGC2264 CMM3 was calculated at 1.8 ± 1.5% from a tentative detection of DC 3 N (Watanabe et al. 2015 ). The higher D/H values were reported toward cold dense cores (5%−10%, Howe et al. 1994 ) and toward the L1527 protostar, which is one of the WCCC sources (∼ 3%, Sakai et al. 2009b) . The D/H values of HC 3 N in G16.86−2.16 and G28.28−0.36 (∼ 1 − 5%) is higher than that in Sgr B2, lower than cold dense cores, and comparable to Orion KL hot core and L1527. On the other hand, DC 3 N was not detected in G12.89+0.49 and we only derived the upper limit for its D/H ratio, which is significantly lower than those in G16.86−2.16 and G28.28−0.36. In general, the D/H ratio becomes lower in the higher temperature regions (e.g., Caselli & Ceccarelli 2012) . Hence, the results may imply that the emission of HC 3 N comes from the G12.89+0.49 central hot core position, and the lukewarm envelope component is less than those in the other two sources. In the observations presented here, the lukewarm envelopes and the central cores were covered by the single-dish beam, and we cannot distinguish between them. The D/H ratio significantly depends on the temperature, and we need the high-spatial resolution observations using the interferometry such as ALMA to derive the temperature dependence of the D/H ratio.
A Comparison of Line Width of CH 3 OH
Line width is a key to the environments where the molecules exist. In general, high-excitation energy lines are expected to trace the hotter gas and show broad line widths, whereas low-excitation energy lines come mainly from cold molecular clouds and show narrow line widths. We detected several CH 3 OH emission lines with the different excitation energies. We then investigate the relationship between the excitation energy and the line width of CH 3 OH in this subsection. Figure 11 shows a comparison between the line widths of CH 3 OH and the excitation energy of each line. We derive the line width (∆v) using the following formula; ∆v = ∆v 2 obs − ∆v 2 inst , Figure 11 . Relationship between excitation energy and line width of CH3OH.
where ∆v obs and ∆v inst are the observed line widths (Tables 5 and 7 ) and the instrumental velocity width (0.85 km s −1 − 0.86 km s −1 , Section 2), respectively. We conducted the Kendall's τ correlation coefficient test. The probability (p) that there is no correlation between the line width and the excitation energy is calculated at 0.03%, and the τ value is +0.51 in G12.89+0.49. This suggests the weak positive correlation between the line width and the excitation energy. The p and τ values are derived to be 69% and +0.08 in G16.86−2.16, respectively. In G28.28−0.36, the p and τ values are 72% and −0.45, respectively. Hence, there is no clear correlation between the line width and the excitation energy in G16.86−2.16 and G28.28−0.36. This may be caused by the non-detection of the very-high-excitation energy lines in the two sources.
We also compared the distributions of the CH 3 OH line widths among the three sources using the two-sample Kolmogorov-Smirnov test (K-S test). We compared the distributions for all of the combinations; (a) G12.89+0.49 and G28.28−0.36, (b) G16.86−2.16 and G28.28−0.36, and (c) G12.89+0.49 and G16.86−2.16. The probabilities that the distributions of the line widths in the selected two sources are the same are derived to be 3.2 × 10 −4 %, 5.8 × 10 −3 %, and 39% for case (a), (b), and (c), respectively. These results mean that the distribution of the CH 3 OH line width in G28.28−0.36 is clearly different from those in the other two sources, and we cannot exclude the possibility that the distributions in G12.89+0.49 and G16.86−2.16 are different.
The average line widths of CH 3 OH are 4.8 ± 0.6, 5.2 ± 0.6, and 2.6 ± 0.5 km s −1 in G12.89+0.49, G16.86−2.16, and G28.28−0.36, respectively. Although the average line widths in G12.89+0.49 and G16.86−2.16 are consistent with each other within their errors, G16.86−2.16 shows the highest value; nevertheless the very-high-excitation energy lines were not detected in G16.86−2.16. These imply that CH 3 OH exists in turbulent gas such as a molecular outflow in G16.86−2.16 rather than the hot gas. This is supported by the strong wing emission in the CH 3 OH spectra in G16.86−2.16. In G12.89+0.49, CH 3 OH seems to exist in the hot gas as well as in molecular outflow suggested by the wing emission. On the other hand, the line width in G28.28−0.36 is much narrower than those in the other two sources. This suggests that CH 3 OH exists mainly in the relatively quiescent region, i.e. envelope for this source. The non-detection of the very-high-excitation energy lines is consistent with the envelope origin. There is a possibility of the molecular outflow origin, but the low S/N ratio prevents us from confirmation.
CONCLUSIONS
We carried out observations in the 42−46 and 82−103 GHz bands with the Nobeyama 45-m radio telescope, and in the 338.2−339.2 and 348.45−349.45 GHz bands with the ASTE 10-m telescope toward the three high-mass starforming regions associated with the 6.7 GHz CH 3 OH masers, G12.89+0.49, G16.86−2.16, and G28.28−0.36. The rotational temperatures and column densities of HC 3 N, CH 3 CCH, and CH 3 OH in the three sources are derived. The N (HC 5 N)/N (CH 3 OH) ratio in G28.28−0.36 is higher than that in G12.89+0.49 by one order of magnitude and that in G16.86−2.16 by a factor of 5. The relationships between the N (HC 5 N)/N (CH 3 OH) ratio and the N (CH 3 CCH)/N (CH 3 OH) ratio in G28.28−0.36 and G16.86−2.16 are similar to each other, while HC 5 N is deficient against to CH 3 CCH in G12.89+0.49. These results may imply the chemical diversity of the lukewarm envelope. The line density in G28.28−0.36 is significantly low and a few COMs have been detected, while oxygen-/nitrogen-bearing
